Background: Cell transplantation is expected to be a promising treatment for Parkinson's disease (PD), in which reinnervation of the host striatum by grafted dopamine (DA) neurons is essential. In particular, the dorsolateral part of the striatum is important because it is the target of midbrain A9 DA neurons, which are degenerated in PD pathology. The effect of exercise on the survival and maturation of grafted neurons has been reported in several neurological disease models, but never in PD models. Objective: We investigated how exercise influences cell transplantation for PD, especially from the viewpoint of cell survival and neurite extensions. Methods: Ventral mesencephalic neurons from embryonic (E12.5) rats were transplanted into the striatum of adult 6-OHDA-lesioned rats. The host rats then underwent treadmill training as exercise after the transplantation. Six weeks after the transplantation, they were sacrificed, and the grafts in the striatum were analyzed. Results: The addition of exercise post-transplantation significantly increased the number of surviving DA neurons. Moreover, it promoted neurite extensions from the graft toward the dorsolateral part of the striatum. Conclusions: This study indicates a beneficial effect of exercise after cell transplantation in PD.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative disorder in which a specific neural subtype dies, in PD. In cell-based therapies, axonal outgrowth to the dorsolateral striatum from the graft is indispensable for improving PD symptoms [2] [3] [4] [5] . Indeed, the extent of neurite distribution to the dorsolateral striatum correlates positively with behavior improvement in rat PD models [6] .
In parallel with cell therapies, exercise is an established treatment for reducing the symptoms and inhibiting the disease progression of PD [7, 8] . Furthermore, several studies using toxin-induced PD model animals have shown that exercise reduces DA neuronal death and improves the behavior of the animals [9] [10] [11] [12] .
The combinatorial effect of cell transplantation and exercise has been examined in neurodegenerative diseases such as Huntington's disease [13] [14] [15] [16] and trauma such as spinal cord injury [17, 18] . In Huntington's disease models, the animals were required to train after transplantation in order to relearn previously established habits that had been disrupted by the lesion in the striatum [15] . In studies for spinal cord injury, the survival and maturation of the grafted cells were promoted by exercise. These findings suggest that exercise enhances the function of the grafted cells. However, this combinatorial effect has never been explored in PD. In addition, its effect on axonal outgrowth, in general, remains unknown.
To address these issues, we transplanted cells obtained from rat fetal ventral mesencephalon (VM) into the striatum of PD model rats and examined the effects of exercise, especially on axonal outgrowth from the grafted DA neurons.
MATERIALS AND METHODS

Preparation of fetal ventral mesencephalon
As donor material, we used the VM dissected from the fetus of GFP-positive Sprague Dawley rats (SD-Tg (CAG-EGFP)) [19] on embryonic day 12.5. GFP staining could distinguish cell bodies and neurites derived from the graft and those from the host brain. Fjodorova and colleagues recently reported that younger (E12 vs. E14) VM donor grafts are bigger and have enhanced A9-like dopamine neuron yield [20] . VM was dissected under a microscope using a standard protocol [21] . Accumax (Innovative cell Technologies) was used to dissociate VM incubated at 37°C for 7 min. The dissected VM was pipetted into single cells, washed out by PBS (-) and put on-ice during the surgery.
Animals and cell transplantation
Animals were housed according to the Guidelines for Animal Experiments of Kyoto University and Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources (ILAR; Washington, D.C.). Adult female Sprague-Dawley rats were purchased from Shimizu Experimental Materials Co., Ltd. At 8 weeks after birth (body weight 200-250 g), the median forebrain bundle of the right hemisphere of the rats was lesioned by injecting neurotoxin 6-OHDA to make the PD model. The coordinates were calculated with reference to the bregma: Anterior (A), -4.4 mm; Lateral (L), -1.2 mm; Ventral (V), -7.8 mm; and Tooth bar (TB), -3.0 mm. A total of 16 g 6-OHDA was injected per rat in 2.5 l of saline with 0.02% ascorbic acid. The rats were kept under a standard environment until 39 weeks after birth, and cell transplantation was carried out at 40 weeks after birth. Cells were injected stereotactically at 1 × 10 5 cells in 2 l (50,000 cells/l, 1 l/10 s) through a 22 G needle into the right side of the striatum (coordinates from the bregma: A, +1.0; L, -3.0; V, -5.0 and -4.0; and TB, -2.0). Six weeks after the cell transplantation, the animals were euthanized with pentobarbital and perfused with 4% paraformaldehyde. The brains were cut at 50 m thickness using a cryostat and mounted.
Experimental design
Twenty-four PD model rats ran on a treadmill machine for 5 consecutive days 15 min a day (velocity = 15 cm/s for 10 min followed by 20 cm/s for 5 min) as pre-training 4 weeks prior to the cell transplantation (Fig. 1C ). The treadmill machine has five lanes with metal plates at the rear through which electricity (0.2 mA) flows when the hind legs come into contact with the plate to motivate the rats to keep running (Treadmill machine; Harvard Apparatus, MA, USA) ( Fig. 1D ). Overall, based on the pre-rotation test performed 5 weeks prior to the cell transplantation, the 24 PD model rats were divided into four equally sized groups so that the average number of rotations in each group were almost the same: transplantation (Tx), TMT, Tx+TMT, and control group. Rats in the Tx group underwent just cell transplantation. Rats in the TMT group received 2 l injection of saline and afterward did the treadmill running. Rats in the Tx+TMT group did the treadmill running after receiving the cell transplantation. Rats in the control group received only 2 l injection of saline. The amphetamine-induced rotation test was performed on days 14, 28, and 42 after the transplantation. The protocol of the treadmill training was described previously [22] . Treadmill training started 7 days after the transplantation, 30 min per day, 5 days per week for 5 continuous weeks. According to some reports, the effect of treadmill training depends on the running velocity [23] . In the present study, the velocity was changed four times during the 30 min-treadmill training (15 cm/s for 10 min, 20 cm/s for 10 min 15 cm/s for 5 min, and 20 cm/s for 5 min) ( Fig. 1E ). The rats were sacrificed at six weeks after the transplantation according to a previous report [24] .
Behavior analysis
The amphetamine-induced rotation test was performed to evaluate behavioral recovery at pre-transplantation and every 2 weeks after transplantation using a rotameter apparatus (RotoRat; Med Associates Inc). A dose of 2.5 mg/kg methamphetamine (Dainippon Sumitomo Pharma) was administered intraperitoneally, and the number of rotations was automatically recorded for 90 min. Only the rats that exhibited more than 6 rotations per minute were entered in this study as PD models.
Immunohistochemistry
Immunohistochemical analyses were performed after permeabilization and blocking with 0.3% Triton X-100 and 2% skim milk. Immunoreactive cells were observed by using a fluorescence microscope (BZ-9000; Keyence) and a confocal laser microscope (LSM 700; Zeiss). The primary antibodies used were goat anti-FOXA2 (1:500, Santa Cruz Biotechnology), rabbit anti-GIRK2 (1:200, Alomone Labs), rabbit anti-TH (1:400, Millipore), rat anti-GFP (1:1000, Nacalaitesque), rat anti-NURR1 (1:1000, KAN research institute), rat anti-SEROTONIN (1:100, Millipore), and sheep anti-TH (1:200, Millipore).
Quantification
The brains were cut at 50 m thickness, and the striatum containing a graft was divided into six sets of 12 slices. The number of neurons positive for TH or Girk2 in a graft were counted manually through all graft images of each rat captured by a fluorescence microscope (BZ-9000; Keyence). Graft volume (mm 3 ) and graft surface area (mm 2 ) were calculated by measuring the GFP-positive area of the graft. Neurites double-positive for GFP and Girk2 were derived from the grafted cells ( Fig. 3C ). We adopted Girk2 to quantify neurites because of its strong contrast and excellent quantification compared to GFP. Girk2-positive neurites extending from grafted dopaminergic neurons were traced manually and calculated into total neurite length (mm) by using the BZ-9000 Keyence work station. To examine which direction the neurites extended from the graft, the striatum was divided into four areas around the graft: dorsolateral, ventrolateral, dorsomedial, and ventromedial striatum, and total neurite length was calculated and quantified in each area. In addition, to examine how far the neurites from the graft edge reached in the direction of the dorsolateral striatum, contour lines were drawn from the graft edge to a maximum of 500 m in 100 m increments, and the number of axons passing through those contours was counted. Imaging analyses were performed with the software Photoshop CC 2018.
Statistical analysis
Statistical analysis was performed using a commercially available software package (GraphPad Prism 7; GraphPad Software). Data obtained from the in vivo experiments were analyzed by the Unpaired t test or Mann-Whitney test. Behavior assessments were analyzed with a two-way ANOVA with Dunnett's multiple comparisons test. The differences were considered to be statistically significant if p < 0.05. The data are presented as the mean ± SD or mean ± SEM.
RESULTS
Exercise improves survival of grafted DA neurons
To obtain donor cells, VM tissue was dissected from the fetus of GFP-positive Sprague Dawley rats on embryonic day 12.5 (E12.5) [20] . The VM tissue was dissociated and subjected to in vitro culture and transplantation ( Fig. 1A ). An immunofluorescence study of the cultured VM tissue showed that all cells expressed GFP and some expressed DA neuron markers such as Forkhead box protein A2 (FOXA2), Nuclear receptor related 1 protein (NURR1) and tyrosine hydroxylase (TH). Moreover, most TH+ cells expressed G-protein-regulated inward-rectifier potassium channel 2 (Girk2) (Fig. 1B) . Because we dissected carefully to avoid hindbrain tissue, only few serotonergic neurons were observed.
Two-month-old SD rats were treated with 6hydroxydopamine and underwent cell transplantation eight months later. An immunohistochemical study at six-weeks post-transplantation demonstrated graft survival in four out of six rats with transplantation alone (Tx) and five out of six rats with transplantation and exercise (Tx+TMT) ( Fig. 2A, Supplementary  Figure 1 ). The grafted cells and their neurites were histologically identified by the GFP signal ( Fig. 2A-C, Fig. 3C ). There was no significant difference in the graft volume between the Tx and Tx+TMT groups (0.1171 ± 0.071 and 0.314 ± 0.2198 mm 3 , respectively. p = 0.1327) (Fig. 2B ). In the peripheral area of the graft, the surviving cells were large and angular in shape, and expressed both TH and Girk2 (Fig. 2C, Supplementary Figure 1B, D) . On the contrary, small and rounded TH positive cells were scattered in the core of the graft, and they did not express Girk2, as shown previously [25] . The number of TH-positive cells per graft was significantly larger in the Tx+TMT group than in the Tx group (1970 ± 1183 and 571.5 ± 224.8 cells, respectively. p = 0.016) (Fig. 2D) . Similarly, the number of Girk2-positive cells was significantly larger in the Tx+TMT group than in the Tx group (1648 ± 1064 and 474 ± 207.2 cells, respectively. p = 0.016) ( Fig. 2E ). The number of surviving THpositive cells was relatively few compared to that of a previous report [26] , which we attributed to the old age (40 weeks) of the host rats in this study [27, 28] . Since most of the TH+/Girk2+ cells were distributed on the graft surface, the number of Girk2+ cells per surface area of the graft, namely, the density of midbrain DA neurons, was calculated. This value was C o r r e c t e d P r o o f also significantly larger in the Tx+TMT group than in the Tx group (542.5 ± 125.3 and 271.5 ± 52.10 cell/mm 2 , respectively. p = 0.005) ( Fig. 2F) , indicating that exercise improved the survival of the grafted DA neurons. At the same time, the ratio of Girk2positive cells to TH-positive cells was about 80% in both groups (0.829 ± 0.0793 and 0.816 ± 0.0534, respectively), indicating that exercise did not alter the ratio of Girk2+ DA neurons to total DA neurons among the surviving DA neurons.
Exercise promotes neurite extensions in the direction of the dorsolateral striatum
Next, Girk2-positive neurites from the grafts were traced manually, and their total length was measured ( Fig. 3A-C) . The neurite length in the whole striatum was significantly longer in the Tx+TMT group than in the Tx group (367.9 ± 276.4 and 59.51 ± 16.42 mm, respectively. p = 0.016) ( Fig. 3D ). However, there was no significant difference in the neurite length per cell between the two groups (0.223 ± 0.106 and 0.139 ± 0.043 mm/cell, respectively. p = 0.186) (Fig. 3E) . These results suggested that the increase in total neurite length in the Tx+TMT group was because of the increased number of surviving DA neurons in the graft. However, exercise could have affected the directional diversity of the neurite extensions from the grafted neurons in the striatum. Therefore, we conducted a finer analysis, in which we divided the striatum into four regions and measured the neurite length in each region. As a result, we found that in the dorsolateral striatum, the total neurite length was significantly increased in the Tx+TMT group compared with the Tx group (48.52 ± 35.37 and 6.894 ± 3.72 mm, respectively. p = 0.016) ( Fig. 4A-C) . Furthermore, the average neurite length of each Girk2+ DA neuron in the dorsolateral striatum was also significantly increased by exercise (0.116 ± 0.031 and 0.056 ± 0.007 mm/cell, respectively. p = 0.016) (Fig. 4D) . To confirm the enhanced neurite extensions in the direction of the dorsolateral striatum by exercise, we counted the number of neurites that reached 100 to 500 m dorsolaterally from the graft edge (Fig. 4E) . Again, the total number of Girk2+ neurites and the number of neurites from each Girk2+ DA neuron were significantly increased in the Tx+TMT group (Fig. 4F, G) . Intriguingly, the other three directions did not show an increase in neurite length per cell (Fig. 4H-J) . These results suggested that exercise after cell transplantation selectively enhances neurite extensions from the grafted Girk2+ DA neurons to the direction of the dorsolateral striatum.
Neither Girk2+ neurites nor GFP+ neurites were found in the cortex, and neurite extensions were confined to the striatum. This result is different from that of previous reports [25, 29, 30] , which we attribute to the host brain environment of our aged rats difficult in obtaining neurite extensions [27] .
Behavioral improvement was correlated with neurite extensions to the dorsolateral striatum
The behavior of rats following cell transplantation was evaluated by an amphetamine-induced rotation test. Both Tx and Tx+TMT groups showed a complete reduction in rotations at 4 and 6 weeks after transplantation, indicating that the grafted cells functioned as DA neurons (Fig. 5A, and Supplementary  Table 1 ). No significant difference was observed between the two groups, but both of them showed a significant reduction in rotations compared to the control group. Additionally, behavioral improvement was not observed in the TMT group (exercise only), consistent with a previous report describing 6-OHDA-lesioned rats [12] . The improvement ratio by the rotation test showed a correlation with neurite extensions to the dorsolateral striatum [R 2 = 0.6249], and the data suggested that even the smallest of neurite extensions (2.309 mm) was enough to exert almost full recovery (Fig. 5B ).
DISCUSSION
In this study, we grafted the ventral midbrain of E12.5 rats to the striatum of 6-OHDA-leioned rats and found that exercise post-transplantation promotes the survival and maturation of the grafted DA neurons. The exercise also enhanced the neurite extensions from the grafts into the dorsolateral striatum (Supplementary Figure 2 ). In the midbrain, two types of DA neurons exist: A9 DA neurons, which innervate the striatum, and A10 DA neurons, which innervate the frontal cortex. When grafted in the striatum, only A9 DA neurons show robust axonal outgrowth in the striatum and cause behavioral improvement [25, 31, 32] . Our immunofluorescence studies revealed that the number of midbrain DA neurons (TH+/Girk2+) was increased by exercise. In addition, intriguingly, the neurite length per cell was significantly increased only in the direction of the dorsolateral striatum, which is the main target of physiological A9 DA neuronal projections [1] . These results suggest that exercise can promote the therapeutic effect of the grafted DA neurons in the striatum of a PD model.
According to previous reports, the mechanism of the exercise effect is speculated as follows. In rodents, glutamatergic neurons in the cortical motor area, which form a cortico-striatal pathway, innervate medium spiny neurons (MSNs) in the dorsolateral striatum [33] . Exercise promotes the release of glutamates from glutamatergic nerve terminals in the dorsolateral striatum [34] and up-regulates glutamate receptors on MSNs [35] . Exercise also increases the number of dendritic spines on MSNs [36] . On the other hand, DA release from DA neurons supports the firing of MSNs in the striatum excited by glutamatergic neurons in the motor cortex [37] . These findings suggest that exercise enhances the activities and requirement of DA by MSNs in the dorsolateral striatum, which lures axons of the grafted DA neurons.
It should be noted that the rats we used are older than those reported in previous studies. There were several reasons for this decision. One is because a majority of PD patients are older. In addition, some studies have shown recovery or protective effects of exercise at the acute phase of the 6-OHDA lesioning in rats [9, 10, 12] . Therefore, to avoid these recovery and protective effects, we waited a long time (8 months) between the lesioning and transplantation to investigate the exercise effect on the grafts. Consequently, our TMT (exercise only) group showed no behavioral improvement.
This study is, to our knowledge, the first report to confirm the interaction between cell-based therapy and exercise in a PD model. In stroke [38] and spinal cord injury models [17, 18] , it has been reported that exercise principally promotes the survival and maturation of the grafted cells. Consistent with these previous studies, we found exercise improved survival of the grafted DA neurons. Because a low survival rate of the grafted cells is one of the main problems limiting cell-based therapies for PD [39, 40] , the effect of exercise should benefit PD cell therapies. Several mechanisms have been reported about the effects of exercise on cell survival and maturation, including the up-regulation of neurotrophic factors such as BDNF and GDNF [41] [42] [43] and the modulation of inflammatory processes through the reduction of inflammatory cytokines, which minimizes the mitochondrial dysfunction of DA neurons [11, 22] . Similar mechanisms might support the survival and neurite extensions of grafted DA neurons in the striatum.
In this study, exercise after cell transplantation had no influence on rat behavior in an amphetamineinduced rotation test despite the enhanced cell survival and axonal outgrowth. It is presumed that the grafted DA neurons secreted sufficient amounts of DA to ameliorate amphetamine-induced rotations even without exercise, resulting in a saturated effect. Therefore, the enhanced survival and neurite extensions of the grafted DA neurons and the altered axonal distribution due to exercise did not contribute to the behavioral improvement assessed by this test. To show the effect of exercise after cell transplantation on behavioral improvement, other behavioral analyses including the apomorphine induced rotation test, cylinder test, corridor test, and others would be helpful. Because these tests are able to detect the fine functional changes of PD models previously [24] , they are recommended to study the effects of exercise on the grafts.
Exercise will almost certainly be applied as part of the rehabilitation after a cell transplantation for the treatment of PD. This study shows the beneficial effects of exercise conducted after the transplantation in rats. 
